Abstract. Post-operative cognitive dysfunction (POCD) predominantly affects the elderly who suffer memory and concentration deficits after anesthesia and surgery. Animal studies have demonstrated anesthetic alone may contribute to POCD but results are variable and little is known about common anesthetics other than isoflurane. The present study investigated dose-dependence of desflurane anesthesia in young adult and aged rats. We hypothesize higher concentrations of desflurane will result in memory impairment in the water maze and that impairment will be worse in aged rats. Effects of anesthesia (1 or 1.5 MAC, 4 h) desflurane, or sham exposure on cognition were investigated in young adult (3 months) and aged (20-24 months) rats at 1, 4, and 12 weeks post-exposure. The Morris water maze was used to assess acquisition and retention of spatial reference memory. Latency to find the hidden platform and swimming speed were compared between treatments. Aged rats showed significant impairment in task acquisition after exposure to 1.5 MAC, but not 1.0 MAC desflurane anesthetic when tested 1 week following exposure. Latency to find the platform and distance travelled were significantly longer in aged rats given 1.5 MAC desflurane (latency: F (1,108) = 19.71, p < 0.0001; distance: F (1,108) = 5.79, p = 0.018). Deficits were not long-lasting and were no longer present at 4 or 12 weeks. In contrast, young adult rats performed equally as well as sham-exposed control rats irrespective of desflurane dose. This study showed the effects of desflurane on learning and memory in the water maze are age and dose dependent and are brief in duration.
INTRODUCTION
Post-operative cognitive dysfunction (POCD) is a recognized complication following surgery lasting days to weeks but in some patients, particularly the elderly, POCD can persist for months or can be permanent [16, 22, 24] . The incidence of POCD is greater * Correspondence to: Jennifer Callaway, PhD, Department of Pharmacology, Level 8, Medical building, The University of Melbourne, Carlton, 3010 Victoria, Australia. Tel.: +61 3 8344 8304; Fax: +61 3 8344 0421; E-mail: callaway@unimelb.edu.au.
in the elderly and is associated with poor outcome following surgery and increased mortality [23, 24] . The cause of POCD is still under investigation but anesthesia itself has been implicated mainly as a result of studies in experimental animals. But clinical studies have found that the relative risk of mortality increased by 19-34% as length of deep anesthesia increased in patients undergoing non-cardiac surgery with general anesthesia [23, 24] . Apart from this suggestion that depth of anesthesia could potentially influence POCD, there have been no studies investigating dose-response effects of anesthesia on cognitive outcome.
Pre-clinical studies designed to investigate the effects of anesthesia alone without the influence of any surgical interventions have generated variable results. In agreement with clinical studies, aged rats have generally been shown to have impaired memory following exposure to isoflurane [7, 8] . Cognitive deficits have been reported in young adult rats exposed to isoflurane [5, 17] but improvements have also been noted [6] . Most studies have concentrated on isoflurane which remains a commonly used anesthetic worldwide. There is very little data on the cognitive effects of newer inhalational anesthetics such as sevoflurane and desflurane that is relevant to the memory deficits that occur in POCD namely, impaired cognition weeks or months subsequent to exposure to anesthesia, when the agent is no longer present in the body.
Further implicating anesthesia alone as a possible cause of POCD, pathological studies in experimental animals have demonstrated increased apoptosis, as well as increased pathology associated with Alzheimer's disease following exposure of mice to isoflurane [32] , isoflurane plus nitrous oxide [36] , sevoflurane [10] , and desflurane combined with hypoxia [35] . In these studies, however, no tests of cognition were performed so it is unknown whether such changes result in POCD. In this regard, it has recently been shown in 3 month-old rats that exposure to isoflurane induces caspase-3 activation, reduced neuronal density and increased interleukin-1␤ (IL-1␤) in the hippocampus 6 h post-exposure and also results in hippocampal-dependent memory impairments [17] . No changes in amyloid-␤ (A␤) peptide were detected in the cortex at 29 days after exposure when cognitive deficits were present.
We have recently found that 1 minimum alveolar concentration (MAC) sevoflurane, rather than causing cognitive deficits after exposure, improved acquisition learning in the Morris water maze in both young adult and aged rats [5] . Our findings suggest that even if sevoflurane does cause early neuropathology after exposure, these changes may not necessarily lead to cognitive dysfunction. Interestingly, Zhang and coworkers did not find any neuropathological changes following desflurane alone but only when desflurane was combined with hypoxia [35] . Accordingly, desflurane anesthesia may be less likely to cause cognitive deficits than other similar agents. Therefore, in the present study we aimed to investigate the effects of a moderate duration of desflurane (4 h) at low and high concentrations (1 and 1.5 MAC) in both young adult (3 months) and aged (18-21 months) rats on cognition at 1, 4, and 12 weeks following anesthetic exposure.
MATERIALS AND METHODS

Anesthesia
The University of Melbourne Animal Ethics Committee on the use of animals in a research project approved this study. The 93 male Sprague Dawley rats (3 months of age, n = 40, weighing 500.1 ± 17.8 g), and ex-breeders (18-21 months of age at the commencement of the experiment, n = 31, weighing 747.9 ± 17.5 g) used in these experiments were sourced from the Animal Resources Centre, Canning Vale, Western Australia. Rats were housed on a 12 h light-dark cycle in a climate and humidity controlled room with free access to food and water.
Rats were randomly assigned to either sham exposure or desflurane anesthesia groups by drawing treatment condition and a rat number written on folded papers. The experimenter was blinded to treatment condition in water maze testing. Young adult rats were tested at different times several months apart from aged rat cohorts. In each experiment, a separate group of sham rats exposed to oxygen alone was tested alongside the desflurane exposed rats. Rats in the anesthesia groups were exposed to one of two difference doses of desflurane (1 MAC or 1.5 MAC) to assess dose-dependency. MAC was determined for desflurane for young and aged rats as described below. Rats were placed in groups of 3-4 in an induction chamber that was filled with desflurane (10%) until unconscious (approximately 1-2 min). Rats were then removed and placed at one of the nose cones of our custom designed anesthetizing apparatus as previously described [4] . Desflurane was administered at a flow rate of approximately 1.5 L/min into the anesthetic chamber and gas concentrations were monitored continuously (Ohmeda Excel 210 SE anesthetic machine, Datex Instrumentarium Corp., Helsinki, Finland) and altered to maintain oxygen and carbon dioxide at stable levels. Our preliminary testing of the apparatus found identical anesthetic concentrations at each nose cone for any given flow rate between 1 and 3 L/min.
Warming mats and measurement of rectal temperatures at 30 min intervals were employed to maintain normothermia (37 ± 1 • C). To maintain hydration during the long period of anesthesia, rats were given 0.9% saline solution (0.25 ml/100 g body weight/hour) subcutaneously. Blood pressure was determined at hourly intervals during anesthetic exposure using noninvasive tail cuffs (Coda, Kent Scientific, Torrington, CT). Sham rats (no anesthetic exposure) were placed in the induction chamber containing 100% oxygen only for 10 min and then returned to their home cages.
MAC was formally determined for desflurane in separate groups of rats (n = 12 young adult, 10 weeks of age, weighing 335.3 ± 2.2 g and n = 10 aged rats, 19 months, 707.3 ± 5.7 g) according to the method described by Barbry and colleagues [3] . Briefly, desflurane was commenced at approximately 80% of previously determined MAC in rats (7.97% ± 0.75) [13] for 1 h and then the concentration was increased by 0.5% every 30 min and the number of rats moving in response to a forcep clamped to the first ratchet on the tail was noted.
Morris water maze test
Behavioral testing was performed in a lightcontrolled room in the Behavioral Testing Facility at the Department of Medicine, Royal Melbourne Hospital, The University of Melbourne. Prior to each day of testing, rats were given at least 30 min to become accustomed to the conditions of the facility. The maze consisted of a 160 cm diameter black plastic pool filled to a depth of 30 cm with clear water maintained at 23 ± 1 • C. For each trial a rat was gently placed in the pool at one of four locations which was changed on each of the four daily trials. Rats were allowed 90 s to locate a 10 cm diameter black platform submerged 2 cm below the surface of the water using visual cues in the room and around the edges of the pool as previously described [25] with modifications [14] . Testing was conducted in a darkened room so the black submerged platform is not visible in the black pool. Each rat was randomly assigned one of four different platform positions, which was kept constant for each individual rat during for the entire test. If the rat was unable to find the platform within the 90 s trial, it was guided to the platform where it was allowed to remain for 30 s. At the end of each trial rats were towel dried and returned to their home cage. Four trials were conducted per session with an interval of 30 min between trials and 24 h between each session. The experiment was conducted over four consecutive days, commencing one week after anesthetic exposure. Trials were videotaped and swim path tracked using Ethovision Video-Tracking Software (v3.1.16 Noldus Information Technology, Wageningen, Netherlands). For each trial, latency to reach the platform, total distance traveled, and swim speed were calculated, and averaged over each daily session.
Twenty four hours after acquisition, rats were tested in a probe trial. Each rat is placed in the pool for 90 s without the platform. Time spent in the quadrant where the platform was previously located is taken as a measure of memory for platform position. Four weeks following anesthetic or sham exposure, a reversal trial was conducted where a new platform position different from the first was assigned to each rat. Rats were then required to learn the new platform location. The reversal trial was conducted over only two daily sessions of four trials since criterion was reached after only two days because rats had already learned the rules of the task, that is, when they sit on the platform they are taken out of the pool. The experimental time line is shown in Fig. 1 . Twenty four hours following the reversal trial, rats were subjected to a second probe trial to test memory for the new platform location. Three months post-exposure rats were tested in a third probe trial to assess long-term memory retention, then subjected to another reversal trial (platform location different from week 1 and week 4), and then a fourth and final probe trial 24 h later.
Statistical analyses
Estimates of sample size were based on previous data [4] showing a difference in means between two treatment groups of 15.1% with a pooled standard deviation of 12.5%. A sample size of 10 should enable the detection of at least 15% difference with a power of 80% and alpha of 5%, with an assumed standard deviation of 12.5%.
Sigmoidal dose-response curve analysis was used to fit curves of the percentage of rats showing no movement under desflurane exposure (MAC determination). MAC, defined as no movement in 50% of the animals in response to stimulus, and 95% confidence intervals (CI) were calculated using GraphPad Prism (GraphPad Software Inc., La Jolla, CA). Percentage inhaled desflurane was analyzed by unpaired Student's t-tests. Systolic and diastolic blood pressure in young adult and aged sham and desflurane-treated rats was compared using a 3-way ANOVA with repeated measures on time of determination. Three-way ANOVA with factors treatment, dose, and session number, the latter being repeated measures factor, was used for analysis of latency, distance travelled, and velocity in the acquisition phase of the Morris water maze test. Post-hoc testing was done using Tukey's HSD test (equal or unequal n where appropriate). In the probe trials, the time spent in the target quadrant was analyzed using two-way ANOVA with factors treatment, and probe number as a repeated measures factor. Data were analyzed using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA) and Statistica (Statsoft Inc., Tulsa, OK) and in all cases, statistical significance was defined as p < 0.05.
RESULTS
Physiological variables
Of the 31 aged rats, a total of 10 rats died or had to be euthanized during the 13 weeks under study. Four desflurane-treated rats and 5 sham rats died and had significant weight loss with unknown pathology on autopsy. Of the rats that were euthanized, one desflurane-treated rat had a large tumor on the abdomen and one sham rat had hock sores and swollen hind paws.
MAC was determined as to be 8.21% (95% CI: 7.99 to 8.43%; Fig. 2A ) in young adult rats and 6.99% (95% CI: 6.69 to 7.29%; Fig. 2A ) in aged rats. The MAC values determined from this experiment were used as the 1 and 1.5 MAC concentrations for anesthetic exposures in young and aged rats.
Systolic and diastolic blood pressure remained within normal physiological limits during anesthetic exposure, however high dose desflurane induced significant hypotension. Systolic and diastolic blood pressure remained stable over the 4 h of exposure to either 1.0 or 1.5 MAC dose desflurane in young adult rats (F (3,118) = 0.04, p = 0.99, Fig. 2B ). Young adult rats had significantly lower systolic and diastolic blood pressure after exposure to high dose desflurane (F (1,118) = 13.28, p = 0.0004, Fig. 2B ). In aged rats, systolic and diastolic blood pressure was significantly lower in the 1.5 MAC desflurane-exposed rats but only during the first 2 h of exposure (dose x time interaction: F (3,85) = 4.73, p = 0.0042, Fig. 2C ) after which blood pressure increased significantly in this group. Temperatures were within normal physiological levels throughout desflurane exposure in both young and aged desflurane exposed rats (data not shown). 
Morris water maze testing
Groups of young adult rats exposed to sham conditions or to 1.0 and 1.5 MAC desflurane anesthesia learned to find the hidden platform in the water maze as evidenced by a significant decrease in latency to locate the platform across the 4 daily sessions ( Fig. 3A; F (3,144) = 115.77, p < 0.0001). There was no significant treatment or dose effect of exposure to desflurane on latency when young adult rats were tested at 1, 4, or 12 weeks compared with sham-exposed young rats (Fig. 3A, C , and E). Aged rats also learned to find the platform and improved in performance over time (Fig. 3B: F (3,108) = 44.03, p < 0.0001). However, in contrast, there was a significant effect of dose on latency to locate the hidden platform in aged rats. Exposure to 1.5 MAC desflurane resulted in aged rats taking significantly longer to find the platform compared with 1.0 MAC desflurane-exposed rats or sham-exposed rats (F (1,108) = 19.71, p < 0.0001). Exposure to 1.0 MAC desflurane had no effect on acquisition of the task compared with corresponding sham controls (p > 0.05). The impairment following 1.5 MAC desflurane in latency to locate the hidden platform was no longer evident in the reversal trials at 4 ( There were no significant treatment or dose effects on the distance travelled by young adult rats while locating the submerged platform in the maze when tested at 1, 4, or 12 weeks (Fig. 4A, C, and E) . A significant effect of dose was found in the speed at which young adult rats swam in the maze 1 week following desflurane exposure (Fig. 5A: F (1,144) = 11.064, p = 0.001). There was a significant interaction between factors treatment and dose (F (1,144) = 8.24, p = 0.005) with 1.5 MAC desflurane-treated rats swimming significantly faster than 1.0 MAC desflurane-treated rats. Differences in swim speed between doses were not significant at 4 weeks (Fig. 5C , p > 0.05) but a significant interaction between treatment and dose was again found at 12 weeks (Fig. 5E: F (1,70) = 4.272, p = 0.042) where 1.5 MAC desflurane-treated rats swam at a greater velocity.
In aged rats, 1.5 MAC desflurane also significantly affected the distance travelled in the maze (Fig. 4B:  F (1,108) = 5.79, p = 0.018) with these rats travelling further compared with 1.0 MAC desflurane rats. The dose-dependent increases in latency and distance travelled by 1.5 MAC desflurane exposed rats could not be accounted for by differences in swim speed as no significant differences were found in velocity between treatments (Fig. 5A: F (1,108) = 1.445, p = 0.232). Desflurane treatment at either 1.0 or 1.5 MAC, had no effect on distance travelled in the maze when aged rats were re-tested in reversal trials at 4 weeks ( Fig. 4D; F (1,50) = 0.435, p = 0.512) and 12 weeks (F (1, 34) = 0.026, p = 0.872). Likewise desflurane treatment did not affect swim speed at 4 or 12 weeks test times in aged rats ( Fig. 5D, F ; p > 0.05).
There were no statistically significant differences between sham and 1.0 and 1.5 MAC desfluraneexposed young adults (Fig. 6A and C, respectively) or aged rats (Fig. 4B and D, respectively) on any of the five probe trials conducted over the 12 weeks of testing (see Fig. 1 for probe schedule) .
DISCUSSION
This study investigated dose-dependence and longterm effects of desflurane on cognitive performance in experimental animals. The main finding is that the effects of desflurane on acquisition learning and memory in the water maze are dependent on age and dose. In young adult rats, desflurane had no effect on acquisition of the water maze task or on memory for platform location when rats were tested 1, 4, or 12 weeks after treatment. In aged rats, however, the effects of desflurane were dependent on dose, with the higher dose of 1.5 MAC desflurane exposure resulting in rats taking longer and travelling further when searching for the submerged platform in the water maze. These detrimental effects were not long lasting and by 4 weeks post-exposure 1.0 and 1.5 MAC desflurane-exposed rats performed the same as sham-exposed controls in the reversal trial. Treatment with 1.5 MAC desflurane affected acquisition of the water maze task but did not affect memory fortargetlocationasdemonstratedbysimilarpreference between sham-exposed and desflurane treated rats for the target quadrant in all probe trials.
Previous studies in rodents have also demonstrated a greater vulnerability of aged rats to cognitive deficits after exposure to isoflurane anesthetic [7] [8] [9] and in clinical trials age has been identified as a risk factor for POCD [22] . The mechanism through which anesthesia causes POCD and the reason for greater vulnerability of the elderly is still uncertain. Maze and colleagues have demonstrated that a peripheral inflammatory reaction occurs during surgery triggering a cytokine cascade and inflammation in the hippocampus that can result in impaired cognitive performance [12, 31] . Lin co-workers [17] have also demonstrated that exposure to isoflurane anesthesia alone can cause a similar inflammatory response with increased levels of the cytokine interleukin-1␤ accompanied by cognitive deficits. It remains to be tested whether other commonly used anesthetics such as desflurane also induce such an inflammatory response.
Evidence that anesthesia alone may cause POCD has also been suggested by studies in experimental animals demonstrating increased apoptosis, and pathological markers associated with Alzheimer's disease following exposure of mice to various anesthetics [10, [32] [33] [34] [35] [36] . Interestingly, no neuropathological changes were found following desflurane alone but only when desflurane was combined with hypoxia [35] . These previous studies did not investigate cognitive performance in anesthetic-exposed mice. If desflurane alone does not induce this pathology but can cause cognitive deficits, the present study throws doubt on the significance of early apoptosis and markers associated with Alzheimer's disease as a mechanism in causing POCD.
Mandal and colleagues in studies investigating the biochemical and biophysical characteristics of inhaled and intravenous anesthetics discovered that the molecular size of the anesthetic has a profound effect on the oligomerization process of A␤ [19] . The structural alteration of A␤ which leads to oligomerization is believed to play an important role in Alzheimer's disease [20] . The inhaled anesthetics isoflurane, desflurane, sevoflurane, and halothane are all small halogenated molecules [21] , whereas propofol and thiopental are large sized molecules. In NMR studies, isoflurane and desflurane led to A␤ oligomerization at concentrations comparable to those used in the intensive care setting after 9 days and 25 days, respectively [19] . The relationship between anesthetic type, A␤ oligomerization, and cognitive impairment is an intriguing area of investigation. Young adult rats exposed to 1.5 MAC desflurane were found to swim significantly faster than 1.0 MAC or sham-exposed controls at 1 week (A; treatment x dose interaction P = 0.005) and 12 weeks post-exposure (E; treatment x dose interaction P = 0.042). There were no significant differences in swim velocity in young adult rats at 4 weeks (C). No treatment or dose effects were evident in aged rats exposed to desflurane compared with controls at any time point. Young rats, weeks 1, 4 and 12: 1.0 MAC: shams N = 9, desflurane N = 11; 1. Dose-dependent effects of anesthetics on memory have been reported. Memory retention was inhibited in rats exposed to 0.5, 1.0, and 2% sevoflurane for 2 h immediately after inhibitory avoidance training [18] . Administration of low dose sevoflurane (0.11%) enhanced memory retention 24 h later in rats when given during single trial inhibitory avoidance training [1] . Overall these data suggest a dose-dependent effect of anesthesia on memory where low doses enhance and high doses inhibit memory. A dose-dependent effect is supported by in vitro studies showing sub-anesthetic concentrations of sevoflurane enhance LTP and postsynaptic excitatory transmission in hippocampal CA1 region whereas presynaptic inhibition is observed at anesthetic concentrations [26, 28] . However, studies in mouse brain slices indicate that there may be quite a narrow margin between inhibition and enhancement [28] . While these studies offer some insight into the potential mechanisms of action of anesthetics during actual exposure, the clinical picture of POCD differs as cognitive deficits manifest many days, weeks, or months after exposure to anesthetic when pharmacokinetics predict the anesthetic is no longer in the body.
Similar to aged humans [30] , the aged rats in our study required significantly less desflurane to induce an equivalent depth of anesthesia to suppress movement to deep paw pinch than the young rats. In aged rats exposed to the high dose of desflurane systolic blood pressure significantly increased in the third and fourth hours of anesthesia. Mean blood pressure has been reported to be higher in aged compared with adult rats [2] . Importantly, in the aged rats, 1.5 MAC of desflurane did not lead to hypotension (systolic blood pressure increased), negating cerebral hypoperfusion as a mechanism for the poorer acquisition memory at 1 week post exposure.
Increased depth of general anesthesia has been linked to higher mortality and to risk of POCD [23, 24] . Clinical trials investigating cognitive outcome after surgery where anesthetic depth is controlled using bispectral index have, however, yielded mixed results [11, 15, 29] and neuromonitoring of anesthesia and POCD remains controversial. In 1,155 patients, Radtke et al. [27] found no influence of intraoperative BIS monitoring on the incidence of POCD, but the percentage of episodes of deep anesthesia was predictive for postoperative delirium. Most of the studies have not investigated specific anesthetic agents which could potentially account for the mixed findings.
A limitation of this study is the small concentration range of anesthetic exposure employed. The 1.5 MAC concentration is not a particularly high concentration of desflurane and hence it is possible that young adult rats could be affected by higher doses. Nevertheless, 1.5 MAC was enough to cause a significant cognitive impairment in the aged rats. Further studies are required to address the mechanism involved in desflurane-induced memory impairment.
We recently reported that sevoflurane (1 MAC, 4 h) improved acquisition learning in the water maze in both young and aged rats [4] , whereas an equivalent dose and duration of isoflurane impaired memory for platform location in young adult rats under identical experimental conditions to the present study [5] . Together with the present results, and in conclusion, these experiments suggestthatevenatequivalentconcentrationstheeffects of anesthetics on learning and memory are dependent on anesthetic type and age of the recipient and, as the current study indicates, are also dose-dependent. Our findings of significant memory impairment with high concentration desflurane but not with the equivalent concentration of sevoflurane may inform clinical anesthetic choice for elderly patients in the future.
